INTRODUCTION
The dielectric properties of insulating materials are determined by the polarization behavior. Random alignment of dipoles yields a paraelectric response; parallel or anti-parallel ordering results in ferroelectric or antiferroelectric behavior, respectively. Controlling the nature of dipole polarization is key to tailoring material performance. The manipulation of dielectric properties can be achieved via doping or control of microstructure. In thin films, the formation of artificially layered structures offers opportunities to probe and manipulate dielectric material properties.
In this paper, we report on the dielectric properties of K(NbTa,.-)O 3 based superlattice structures. Among the dielectric materials, the mixed-oxide compound K(NbxTal.z)O 3 (or KTN) is a near-ideal material for both understanding and manipulating the dielectric properties of perovskites. [l-3] KTN is similar to (Sr,Ba)TiO 3 in that, as the composition is altered, the solid solution exhibits a continuous transition from a paraelectric to a ferroelectric material. Pure KTaO 3 is cubic (a3 0 o K = 3.9885 A) and paraelectric at all temperatures. Decreasing the temperature results in a softening of the TO, transverse optic, zone-center phonon branch. The soft mode is stabilized by zero-point quantum fluctuations, however, so that KTaO 3 does not undergo a ferroelectric transition but remains cubic and paraelectric down to 0 K. Hence KTaO 3 exhibits so-called "incipient ferroelectric" or "quantum ferroelectric" behavior. [4, 5] Pure KNbO 3 , in contrast, exhibits a first-order ferroelectric phase transition accompanied by a change from the cubic to the tetragonal structure at 701 K (ap = 4.02 Aalong [100] For the ferroelectric state, the polarization direction is along the [010] (b axis). As a solid solution, the KTN Curie temperature varies continuously according to the formula T, = 676x + 32 (for x > 4.7 %). For x > 0.35, the solid solution exhibits a first-order ferroelectric phase transition similar to KNbO 3 . Due to its low dielectric loss, high saturation polarization, large electro-optic effects, and low driving voltage for modulation, KTaj._Nb.O 3 is an attractive material for applications involving holographic data storage, parametric oscillators, pyroelectric detectors, and second harmonic generators. [6] [7] [8] [9] Recent developments in oxide film growth provide the opportunity to understand, control, and manipulate the growth of epitaxial oxide films and multilayers in the KTN system at the atomic scale. [10, 11] Specifically, the properties of symmetric KNbO 3 /KTaO 3 superlattices grown by pulsed laser deposition on KTaO 3 (001) have been studied. [12] [13] [14] Excellent fihn flatness and crystallinity are evidenced in these films, and the interfaces are found to be compositionally sharp on an atomic scale. Unlike (Sr,Ba)TiO 3 , the K(Nb,Ta)0 3 system displays very little change in the average d-spacing in moving across the alloy composition. This significantly minimizes the effects of strain in superlattices, and permits the synthesis of commensurate structures with low defect density. Previous work has shown that while relatively thick KNbO 3 films are characterized by an orthorhombic structure, KTaO 3 IKNbO 3 superlattices can be uniformly strained in-plane without misfit dislocations, imposing an in-plane KNbO 3 lattice spacing that is identical to that of the KTaO 3 substrate. Temperature-dependent x-ray diffraction measurements indicate a tetragonal-to-tetragonal phase transition for superlattices, [15] [16] [17] with the structural phase transition temperature, Tc, dependent on the KNbO 3 layer thickness. As the superlattice period decreases, a reduction of T. is observed. For symmetric superlattices with periodicities of 50 A or less, the structural phase transition temperature is identical to that of the K(Tan._Nbo. 5 )0 3 random alloy film.
EXPERIMENTAL DETAILS
We have investigated of the temperature-dependent dielectric response of KTaO 3 /KNbO 3 superlatrices, focusing on 1-unit-cell x 1-unit-cell (lxl) superlattice structures. The dielectric properties were measured using inter-digitated capacitors, with specific attention given to the dielectric behavior near the structural phase transition as observed in the x-ray diffraction results reported earlier. [12] [13] [14] The dielectric response of (ixl) KTaO 3 /KNbO 3 superlattices and K(Tao. 5 Nbo. 5 )O 3 alloy films were studied at frequencies of 100 kHz and 1 MHz by measuring the capacitance of inter-digitated Au/Cr electrodes deposited on the film surface. The epitaxial structures were deposited by pulsed-laser deposition as previously described. [ 13] The electrode finger separation and width for the inter-digitated electrodes were 10 pm. Each capacitor structure consisted of 26 fingers. The capacitance was measured as a function of temperature from 25 to 300 'C in air. This temperature range encompasses the structural transition temperature (-200*C) for the (Ix I) KTaO 3 /KNbO 3 superlattices and K(Tao.sNbo.s)O 3 alloy films as observed in previous x-ray diffraction data. In addition to zero-bias measurements, the dc voltage tunability was measured over this temperature range by measuring the capacitance with applied dc bias voltages ranging from 5 to -5 V.
DISCUSSION
The temperature-dependent capacitance for a (Ixl) KTaO 3 KNbO 3 superlattice structure, measured at 100 kHz, is shown in Fig. 1 . A weak, but discernable, local maximum in capacitance is observed at -200'C, which corresponds with the structural transition. However. the capacitance behavior with applied bias reveals a more complex behavior. The temperaturedependent capacitance taken with applied dc bias voltages of 0 and 4.7 V is illustrated in Fig. 1 applied bias is clearly seen in the system based on qualitative prediction only.
capacitance versus dc bias voltage plots at fixed temperatures, shown in Fig. 2 . This is inconsistent with either ferroelectric or paraelectric behavior. The application of a dc electric field results in a decrease in dielectric constant for ferroelectric or paraelectric materials. For measurements performed at 100 kHz, a maximum in the positive dc bias tunability is observed at approximately 175"C. spacing) and dielectric anomaly as function of temperature. 190"C, corresponding to the structural phase transition. Since the average film composition is the same in both the alloy and superlattice film, the discrepancy in the tunability behavior must be associated with the artificial ordering.
An increase in the dielectric constant (observed via capacitance measurements) with applied dc electric field is inconsistent with the expected behavior for either a paraelectric or ferroelectric material. [15] However. the observed behavior for the IxI KTaO 3 /KNbO 3 superlattices is remarkably similar to that for antiferroelectric perovskites. [16-19J An increase in dielectric constant with applied field is a signature behavior indicating antiferroelectric ordering. An antiferroelectric is characterized by an antiparallel ordered array of local dipoles. It can be viewed as two interpenetrating sublattices of equal and opposite polarization with no net spontaneous polarization. In many cases, the antiferroelectric ordering of dipoles can be transformed to ferroelectric ordering via the application of an electric field. This is the origin of the increase in dielectric constant with applied dc voltage. The difference in free energy between ferroelectric and antiferroelectric phases can be quite small. An additional signature of antiferroelectric behavior is a hysteresis in the dielectric constant versus field behavior as voltage is swept between positive and negative polarity. Hysteresis is observed in traces of the capacitance vs. voltage for the Ix1 KTaO 3 /KNbO 3 superlattice.
Based on the tunability behavior, a reasonable description of the superlattice dielectric properties is as follows. Below approximately 140'C, relative insensitivity of the dielectric in the Ixl superlattice is consistent with a ferroelectric phase. This assumption is based on the typical phase development of antiferroelectrics, where ferroelectricity is observed at temperatures below the antiferroelectric regime. This is also consistent with the bulk behavior of K(Ta,Nb)O3 alloys. As the temperature is raised above -140"C, an antiferroelectric phase is observed. For temperatures greater than 200"C, the superlattice becomes paraelectric.
It is interesting to consider the origin of antiferroelectric behavior in superlattice structures whose constituent compounds are ferroelectric or paraelectric. For several complex perovskite materials (e.g., Pb 2 B'B"06) in which multiple B-site cations order into a superstructure, 182 antiferroelectric behavior is observed. [20, 21] In fact, for many of 1.6 10-11 these compounds, the antiferroelectric 10'11 1 00 kHz phase correlates directly with the B- Pb(Lul/2Nb1/2)03. [22] With the 0, KTaO 3 /KNbO 3 superlattices, B-site 0 50 100 150 200 250 300 cation modulation is artificially temperature (C) imposed. The resulting change in free energy apparently favors Figure 4 . Capacitance vs. temperature for an antiferroelectric dipole alignment, alloy K(Tao.Nbo.s)O 3 film Understanding the nature of the interaction that leads to anti-parallel dipole orientation will require theoretical calculations of the dipole configuration free energy. The characterization of additional symmetric and asymmetric superlattice structures will also be useful in understanding these results.
